Titanium-alloy laminates fabricated by sheet materials using diffusion bonding process have drawn more and more attention in the recent years. Proper placement of nonwelded zones on the diffusion bonding (DB) interface within titanium-alloy laminates as crack arrest zones can improve damage tolerance. To achieve the optimal damage tolerance via designing non-welded zones, it is necessary to study fatigue crack growth characteristics for this type of laminates by adjusting all the relevant parameters such as geometrical sizes, locations, and the number of the nonwelded zones, which is highly time consuming. Therefore it is essential to develop a reliable and quick method to analyze the fatigue crack growth characteristics for titanium-alloy laminates with non-welded zones. In this paper, the extended finite element method (XFEM) which was employed to simulate the fatigue crack growth process and the applicability of this method to capture fatigue crack growth characteristics of titanium-alloy laminates with localized non-welded zones was also studied. The numerical results were compared with the experiment data, and the agreement on numerical and experimental results illustrated that the specific crack growth characteristics can be captured by using XFEM, thereby verifying the applicability of XFEM in the analysis of fatigue crack growth of the laminates with non-welded zones. The influence of non-welded zones on the fatigue crack growth was then discussed.
Introduction
Titanium alloys have over the years proven themselves to be technically superior and cost effective materials for a wide range of applications spanning the industries of aerospace, marine, and even commercial products [1] . This is because of their excellent combination of mechanical properties such as high specific strength, immunity to corrosion in sea water environment, good erosion resistance in environments spanning a range of aggressiveness, and importantly their acceptable mechanical properties at elevated temperatures coupled with an intrinsic capability to withstand and safely function at elevated temperatures. The noticeable attractive properties of titanium alloys have facilitated their selection and enhanced their use in aviation and a spectrum of other performance-critical applications [2] .
However, there is a disadvantage that the residual life is relatively short once the damage appears in the structure which is made of common titanium alloy. (Damage is inevitable actually.) Thus the common titanium alloys are ineffective in damage tolerance design [3] , and developing the technology that is able to improve the damage tolerance becomes an important issue. At present, some damage tolerance type titanium alloys, such as Ti-6Al-4VELI, Ti-6-22-22S, have been applied in advanced airplane, which greatly improved the service life and combat effectiveness of airplanes.
Damage-tolerance-design strategy gets more and more attention in modern aircraft design. It takes the intrinsic/ discrete damage, large area manufacturing flaws, or severe accidental damage into consideration and ensures that 2 Mathematical Problems in Engineering the remaining structure will withstand reasonable loads without failure or excessive structural deformation until the damage is detected. In order to improve the applicability of titanium alloys to damage-tolerance-design, one traditional method is through microstructural control, and another method is through the use of submacro laminated structures [4] . Some experimental investigations demonstrate that the DB interfaces in the titanium alloy-laminates which are made by diffusion bonding process have significant inhibitory effect on the growth of the fatigue crack [5, 6] . Something more interesting, is that the diffusion bonded laminates of TC4 titanium alloy may have longer fatigue life if the localized nonwelded zone exists in the DB interfaces. This indicates that the defects may achieve significant inhibition of crack growth when the defects lie in the proper position. It will be a good approach to increase the structure fatigue life by reasonably arranging the defects in DB interfaces. To implement the reasonable arrangement of defects, the influence of the defect effects on the fatigue crack growth characteristics should be known clearly. At present, the crack growth characteristics mostly are conducted through experiments, and hence it is necessary to develop the rapid numerical analytical method for studying the mechanism of the crack growth in the titanium alloy-laminates.
The recently proposed XFEM can describe the discontinuity and singularity by introducing the enrichment function to the shape function of the conventional finite element method (CFEM), and it exhibits a unique advantage in the analysis of discontinuous problem [7] [8] [9] [10] [11] [12] . Crack is a typical discontinuity, and XFEM will be an effective method in researching fatigue crack growth characteristics in the laminates of titanium alloys.
In this paper, the XFEM method based on the ABAQUS platform is employed for analyzing crack growth characteristics in the diffusion bonded laminates of TC4 titanium alloys, and the results obtained are compared with the experimental results given in [6] to verify that XFEM is able to get the true crack growth characteristic and an effective method for crack growth analysis in the laminates of titanium alloys. In addition, through the comparison between the crack growth characteristics in the laminates with and without nonwelded zones, this paper reveals the mechanism that is how the nonwelded zone increases the fatigue life. And the results will give the technical support in the damage tolerance design of titanium-alloy laminates.
XFEM-Based Crack Growth Analysis
The enrichment function in XFEM can accurately describe the crack or material interface's discontinuity and singularity that exit inside the element. So the mesh in XFEM can be independent of the structure's geometrical or physical interface, and that avoids the limit that there must be very fine grids near crack tip or material interface when using traditional finite element method, and it is more attractive that there needs no remeshing in analyzing the crack growth problem in XFEM. XFEM has all the advantages in CFEM. For this reason, the form of element stiffness matrix in XFEM is inline with that in CFEM, and the implementation of XFEM can make full use of the CFEM program that already exists.
Description of Discontinuous
Interface. The level set method is a numerical technique for tracking the evolution of interfaces. In this method, the interface is represented as the zero level set of a function ( , ). This function is one dimension higher than the dimension of the interface. In general, a moving interface in dimensional (2D or 3D) space can be formulated as
The level set function usually uses signal distance function to be constructed. Where are the points located on the crack interface and ( ) represent the whole crack surface. The whole domain is cut into two parts > 0 and < 0 by the zero level set function = 0. Another level set function ( , ) is introduced to describe the crack tip by the intersection set of the two level set functions, shown in Figure 1 .
where ⇀ is the unit tangent vector and ⇀ is the unit vector normal to the crack surface. * is the crack tip coordinates. The description of crack growth can be got from the evolution of the level set, and the details refer to the literature [14] .
XFEM Displacement Mode. The displacement field
ℎ in XFEM consists of two parts:
where ( ) is the conventional shape function and is the degree of freedom (DOF) of standard nodes. ( ) is Mathematical Problems in Engineering 3 the enrichment function. In the crack tip element, ℎ can be represented [7] :
where Φ( ) always takes linear combination of the following function base:
where and are the polar coordinates in the crack tip local coordinates and the enrichment function ( ) uses the following form in the elements crossed by crack [15] :
where ( ) is the level set function and ( ( )) is the jump function. Consider
The displacement mode in the crossed elements is
The junction between the enriched elements and the common elements will produce mixed elements, and the literature [16] [17] [18] [19] discussed that particularly.
XFEM Discrete Control Equation.
The weak form of XFEM discrete control equation can be described as follows in linear elasticity problems [12] :
where t is the surface force and b is the body force. u ℎ and u ℎ are the trial function and test function in XFEM. Taking the u ℎ and u ℎ into (9) and using the arbitrariness of node variation, we can get the discrete linear system of equations:
The form of equilibrium equation previously mentioned is inline with the CFEM. K is the global stiffness matrix, f is the load vector, and d is the displacement vector. K and f consist of each element follows the node number. The contribution of each element is expressed as follow:
The details of k and f are as follows:
where B , B , and B are the derivative matrixes of the shape function:
,
The derivation of the discrete control equation refers to the literature [20] .
Fatigue Crack Growth Rule and Description of Crack
Growth. We get the three energy release rate components at crack tip by virtual crack closure technique (VCCT) and calculate the equivalent energy release rate through (14) which Wu and Reuter [21] suggested. (In the equation, 1 = 2 = 3 = 1.) When the max equation energy release rate ME is bigger than the threshold of fatigue crack growth, the crack begins to grow. When the crack growth rule is satisfied, the crack growth length can be calculated by the Paris formula (15) , and the crack grows normal to the direction of the maximum circumferential stress:
= (Δ ) .
The XFEM in ABAQUS lacks the description of crack tip inside element; therefore the crack tip has to grow to the boundary of element. So there are some differences in calculating the crack growth length from the traditional method. It calculates the needed cycles that the crack grows given length (the length of crossed element), which instead of calculating the length crack grows given cycles . Where gets from the needed cycles that each element at the crack tip is crossed by and get min( ) as the in current step. 
The Specimen Properties
Crack growth characteristics of diffusion bonded laminates of titanium alloys with localized nonwelded zone can be obtained by the XFEM based on the ABAQUS platform. In order to compare with the experimental data given in [6] , the specimen shown in Figure 2 is investigated as an example. The length is 180 mm and the width is 40 mm, and there is a hole with Φ hole = 6 mm in the center. The overall thickness is 8 mm, which consists of three layers of titanium-alloy plate, and their thicknesses are 3 mm, 2 mm, and 3 mm from the upper layer to lower layer, respectively. A single-edge square notch with side length 0.5 mm and thickness 0.2 mm is located at the edge of the hole on the plate surface. In order to reveal the mechanism of how the nonwelded zone increases the fatigue life, two cases are taken into consideration. In case one, there are circular non-welded zones with diameter Φ − = 15 mm in the two DB interfaces as shown in Figure 2 , and there is no non-welded zone in the DB interfaces in the other case.
The boundary condition of two ends is clamp, and it is in keeping with the tensile experiment just like it was considered in [6] . The tension-tension cyclic loading uses the stress rate = 0.093 and the stress peak max = 276 MPa. The Paris constants are = 5.25 × 10 −8 and = 2.85, and the formula constants and material properties are from the literature [13] . The material properties are in Table 1 as follows.
Results and Discussion

Comparison with Experiment.
The whole process of crack growth in the specimen is simulated by XFEM. The crack growth path is described in Figure 3 , and the relation between crack growth rate and surface crack length along the direction of the aperture is shown in Figure 4 . The experimental result of the relation between crack growth rate and surface crack length in [6] is also shown in Figure 5 . Figure 4 shows that the results obtained by XFEM agree well with the experimental data. Combined with the detail crack growth path described in Figure 3 , the whole growth process of surface crack can be divided into three distinct stages. In the first stage, the crack growth rate increases as the fracture crack length gets longer. When the crack front along the thickness direction reaches the non-welded zone, the first stage ends and then the second stage begins. The crack growth rate decreases obviously, and this indicates that the non-welded zone can inhibit the crack growth significantly. The third stage will start when the crack front bypasses the boundary of the nonwelded zone; meanwhile, the crack growth rate increases rapidly and the residual strength of the structure decreases sharply. These evidence shows that the numerical simulation by XFEM can capture the characteristics of the crack growth.
The experimental data shown in Figure 6 illustrates that the times of fatigue cycle in the stage of crack initiation have huge discrepancy for different specimens. In order to compare the fatigue life in the crack growth stage with the results forecasted by XFEM, the crack initiation is ignored and the relationship between crack length and the cycles is considered from a given surface crack length (the length 0 = 1.0 mm in this paper). The comparison between the predicted results and experiments is shown in Figure 7 . Where Δ = − 0 , and 0 represents the cycle number when the crack length reaches 0 . From Figure 7 , we can see that there are the same tendencies for three specimens, and the results by XFEM are accord with the experimental data. These indicate again that the simulation by XFEM is very validity.
Internal Crack Growth.
The surface crack growth is discussed in the above section. Actually, the internal growth of crack gets more worthy of attention. It is very difficult to observe the internal crack growth law by means of experiment. Fortunately, the numerical simulation is a good way to research the internal crack growth. There are another two performance indexes that are employed to analyze the law of the internal crack growth. One is the crack length along direction of the thickness, and the other is the projected crack area that is two-dimensional area measurement of the fracture by projecting its shape onto the plane perpendicular to the length direction. Figure 8 shows the relationship between the crack growth in depth direction and the fracture crack growth rates, and Figure 9 shows the relationship between facture cycle times and the crack growth in depth direction. When there is no non-welded zone in DB interface, the crack growth rate in depth direction increases rapidly and then is maintained in a high rate, so the crack length in depth direction also increases rapidly, as shown in Figures 8 and 9 . By contrast, the crack growth rate decreases sharply when entering Specimen I in [6] Specimen II in [6] Specimen III in [6] XFEM forecast the second stage of crack growth, and the fatigue cycles increase from 5000 times to 20000 times, and this indicates that there are three-fold increased fatigue life. These lines of evidence illustrate that the non-welded zone plays an important role in preventing the crack growth. Actually, the internal crack growth happens along the direction of radius and depth at the same time. The projected crack area as a new parameter is employed to describe the internal crack growth. Similar with definition of the crack length growth rate, the projected crack area growth rate / is defined, where is the projected crack area. Figures  10 and 11 give the relationship curves between the crack area and the cycle number and the relationship between crack area growth rate and the crack area. These lines of evidence also confirm that the non-welded zone plays an important role in preventing the crack growth. 
Damage Tolerance Analysis.
Damage tolerance is a property of a structure which relates to its ability to sustain defects safely until the structure is repaired. In ensuring the continued safe operation of the damage tolerant structure, inspection schedules are devised. Thus, the objective of damage tolerance design is to maximize the crack growth life so that more inspection periods can be undergone or to maximize the crack length with the same residual life so that it is easier to be detected. The residual life under the different surface crack length is shown in Figure 12 . Assuming the inspection interval is about 5000 cycles, the initial notched crack length is long enough to be detected. There are about 12000 cycle's times of the model without nonwelded zone, and it can experience two full inspection periods. By contrast, there are about 20500 cycle's times of the model with non-welded zone and it can experience four full inspection periods, which greatly improve the structure security. If the damage tolerance designs demand that there is at least one inspection period residual life left before detection, the limiting crack length should be 4 mm in the structure without non-welded zone and be 9 mm with non-welded zone, as shown in Figure 12 .
The non-welded zone makes the limiting length increase one time.
Conclusions
This paper analyzes the crack that grows in the diffusion bonded laminates of TC4 titanium alloy using XFEM based on the ABAQUS platform and studies the crack growth law under the TC4 laminates. From the comparison between the predicted results and experiments, the XFEM can grasp the true crack growth law in the titanium-alloy laminates, and the XFEM is proved to be an efficient method to analyze the crack growth in the titanium-alloy laminates. In addition, through the analysis of the damage tolerance, the nonwelded zone set in the DB interface can significantly increase the fatigue life and improve the damage tolerance.
